SUMMARY
patterns. This study demonstrates LT-Bitbow as an efficient tool for in-situ lineage 12 mapping and its potential in studying molecular mechanisms in the lineage context.
13

INTRODUCTION
1
Cell lineage, which denotes the developmental history of a cell, is the conceptual 2 framework of organism formation (Papaioannou, 2016; Stent, 1985) . Modern genetic variants are needed, for example, to uniquely label many cell lineages, more than one 19 Brainbow cassettes can be used to create differential expression levels of FPs. 20 However, using color shades for lineage tracing is not always reliable. Distinguishing 21 two color variants differing by subtle FP expression levels (e.g., color A generated from 22 2 YFP + 1 RFP + 1 CFP compares to color B generated from 1 YFP + 2 RFP + 1 CFP) 23 4 can be challenging due to imaging noise (Cai et al., 2013) . When applying Brainbow to 1 trace cell lineages, daughter cells in the same lineage are assumed to inherit the same 2 color generated in the mother stem cell. However, protein synthesis levels in daughter 3 cells can be quite different. A more robust color generation mechanism is highly 4 desirable for efficient and reliable lineage tracing.
5
One way to generate more robust Brainbow lineage labels is to localize the same 6 FPs to different sub-cellular compartments. Cytoplasmic membrane-targeted and Based on the refined lineage map, we had the opportunity to examine whether distinct 21 cis-regulatory elements are used in controlling the selective expression of dendritic 22 arborization 1 (dar1), a terminal selector gene for multipolar neurons derived through 1 distinct lineage patterns (Cajal, 1995; Wang et al., 2015) . 
RESULTS
1
Lineage Tracker-Bitbow
2
As opposed to previous Brainbow designs that expand color variations by recombining 3 multiple cassettes to mix different intensity levels in each spectral channel, Bitbow, a
4
"digital" format of Brainbow, utilize several ("N") FPs, and randomly assign each to an 5 ON or OFF expression state upon FLP-mediated recombination ( Figure 1A) . As a result, 6 Bitbow generates "N-bit" (2 N -1, minus the all-OFF state) "colors" from a single cassette. We further optimized Bitbow for lineage tracing and generated a Lineage Tracker- individual FPs. mNeonGreen displayed the highest expression frequency, followed by 20 mTFP, mKusabira-Orange2, tdKatushka2, and mAmetrine ( Figure 2B ). Next, we 21 quantified the frequency of neurons expressing one, two, three, four, or all five FPs. We One potential drawback of LT-Bitbow for lineage tracing is that the "spinning" Since some neurons are labeled at the 3 rd instar larval stage without heat-shock, 5 we first examined how this leaky FLP activity would affect the outcomes of our color- Previous studies used heat-shock to sparsely induce lacZ expression at early 13 developmental time points and referred cell clusters that are located nearby to be in the 14 same SOP lineages Bodmer, 1995, 1996) . We started LT-Bitbow lineage For instance, prior studies suggested that some of the dendritic arborization (da) 23 neurons in the dorsal multidendritic (dmd) cluster were generated from one SOP and 1 those in the ventral multidendritic (vmd) cluster were generated from another SOP 2 ( Figure 3A , shaded clusters) Bodmer, 1995, 1996) . In contrast, our 3 results showed that none of the da neurons from either dmd or vmd cluster are lineage 4 related ( Figure S2 ).
5
The lacZ-based lineage tracing approach may also incorrectly determine neurons 
Estimating the birth-timing of neurons by LT-Bitbow
18
One inherent benefit of using LT-Bitbow for lineage mapping is its efficiency. LT-Bitbow 19 does not require very sparse labeling. Indeed, all samples expressing any FP colors 20 were utilized in the analysis. This allowed us to efficiently map the complete PNS 21 lineages using only 25 larvae for each heat-shock time point.
22
Comparing experiments done with 3-4 hr AEL heat-shock to those done with 5-6 1 hr AEL heat-shock, we found that even though a lot more neurons were labeled ( Figure   2 2A), the overall percentage of neuron pairs that were labeled in matching colors Neurons assume distinct morphologies that can be categorized into multipolar, bipolar, 20 and unipolar subtypes (Cajal, 1995; Wang et al., 2015) . We previously found that dar1 21 is selectively expressed in post-mitotic multipolar neurons and is necessary and 22 sufficient for the multipolar morphology (Wang et al., 2015) , thus functioning as a 23 terminal selector for multipolar neuronal morphology (Hobert, 2008) . With a refined PNS 1 neuron lineage map, we can now investigate whether distinct cis-regulatory elements 2 control the expression of dar1 in multipolar neurons that are generated through distinct 3 lineage patterns (e.g., da/es, da/es/es, or solo-da) (Figure 4) . 4 We first created GFP-reporter Drosophila lines to identify the minimal genomic 5 region that specifies dar1 expression in multipolar neurons in the PNS. We found that 6 an approximately 500 base-pair (bp) region located about 950 bp upstream from the Interestingly, this 500-bp fragment also drives GFP expression in all bipolar ch neurons, 10 but rarely in bipolar es neurons ( Figure 5B ). Moreover, consistent with the fact that dar1 11 is absent in the larval CNS, which only contains non-multipolar neurons, this 500-bp 12 fragment only drove GFP expression in a few neurons in the entire CNS, which was 13 similar to a control driver that did not contain any dar1 fragment ( Figure S4B ). These Next, we set to determine whether this 500-bp fragment contains cis-regulatory 18 elements that specifies dar1 expression in certain lineage patterns of da neurons. To do 19 so, we synthesized 9 overlapping DNA fragments of ~100 bp each to tile the entire 500-20 bp ( Figure S4A ). We then generated 9 reporter Drosophila lines, in each of which GFP 21 was driven by one of the ~100 bp fragments. We then quantified the GFP expression 22 pattern in da neurons ( Figure 5C ). We found that except fragments 4 and 5, all the other 23 ~100-bp fragments drove GFP expression in at least one da neuron, indicating that they 1 contain at least one cis-regulatory element. We also found that none of the 100-bp cis-2 regulatory fragments drove GFP expression in any ldaA, ddaB, ddaE, ddaF or vpda 3 neurons, which suggests that dar1 expression in these neurons requires combinations 4 of these cis-regulatory elements. Next, we examined whether any particular 5 combination of cis-regulatory elements drives GFP expression in da neurons generated 6 with the same lineage pattern. We found that a region tiled by fragments 3, 6, 7 and 8 7 drove common GFP expression in ldaB and vdaD, both of which are generated with the 8 da/es lineage pattern. None of the other combinations of cis-regulatory elements drove 9 a common GFP expression pattern between any two da neurons.
10
These results suggest that da neurons generated through the same lineage 
11
Mapping lineages by LT-Bitbow is much more efficient compared to previous 12 method. For example, a previous study examined over 5000 embryos to identify the 13 lineage relationships in the Drosophila larval PNS. This is because in order to reliably 14 count the frequency of neighboring cells expressing a lacZ marker that was induced by 15 heat-shock in a single progenitor cell, labeling needs to be extremely sparse (Brewster 16 and Bodmer, 1995 Bodmer, , 1996 . Using LT-Bitbow, we achieved a similar goal with 40 animals Bitbow's multi-color nuclear labeling to assign each identified neuron to a lineage. close to each other, they are all generated by distinct progenitor cells ( Figure S2 ).
Interestingly, each of these da neurons was found to be lineage-related to a non- In summary, we expect these new tools to greatly increase the efficiency and 14 accuracy for studying Drosophila lineage development beyond the nervous system. 
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21
Each line connects a pair of lineage-related neurons with ≤ 2% false discovery rate (C) da neurons are categorized by three lineage patterns: da/es, da/es/es, and solo-da.
20
The black lines represent the 500-bp genomic DNA fragment that drives reporter Quantification of lineage relatedness 8 The goal of our statistical methods was to systematically identify neurons that share a color-code agreement between two neurons, which is defined as:
15
where 0 and are the degree of color code agreement between the two neurons 16 calculated by observation and by chance, respectively.
17
To calculate the value for each neuron pair, we first calculate the probability of 18 a neuron that expresses a particular color , , :
20
where, is the total observation that a neuron expresses color , and is the total 21 number of neurons. As shown in Figure 2D , the percentage of neuron expressed any 22 fluorescent color was relatively low (~6% maximum). We therefore hypothesize that the non-null colors (denoted from 1 to ):
10
To calculate the 0 value of the corresponding neuron pair 0 , , we again, only 11 considered the cases in which at least one of the neurons expressed at least one FP:
13 where, , is the total observations that both neurons expressed a same non-null colors 14 color and , is the total observations that either neuron expressed a non-null color.
15
Finally, we acquired the observed values for all the neuron pairs using their then they will have a = 0. In this way, a higher value indicates a higher probability 20 that the two neurons are labeled in the same color not by chance (i.e., lineage-related). 
4
It is important to run a separate test for each neuron pair because certain 5 neurons expressed a color more often than others. This allowed us to normalize the 6 high expressing neurons in a way that they did not just have a better κ value by chance.
7
The implementation of our lineage relatedness statistical model is available at 8 https://github.com/MikeVeling/Process-Brainbow-Data.
9
The complete lineages map of PNS neurons was generated by the Cytoscape
10
Software package (version 3.7.1., https://cytoscape.org/index.html). 
